T
he ventilatory responses to hypoxia and to hypercapnia can be depressed, and resting levels of PaCO, and PaO, may be significantly abnormal in the presence of minimal lung disease.' It has been suggested that the chemical drive to respiration has adapted, but using the ventilatory response to measure chemosensitivity or the "chemical drive" is complicated by the negative effect on ventilation of the stretch receptors and by lung and chest wall mechanics.
Recently, Whitelaw et a12 have developed a prmising new technique which attempts to measure more immediately the neural output of the medullary respiratory centers during a chemical challenge. The authors feel that by measuring the mouth pressure 0.1 sec after the initiation of an occluded breath (Po,,), they omit any significant interference from the Hering-Breuer inflation reflex or the negative influences of abnormal compliance or resistance. In their study using the rebreathing technique, normal subjects began with a mix-'From the Department of Environmental Medicine, The Johns Hopkins University School of Hygiene and Public Health, and the Gerontolo Research Center, National Institute on Aging, NIH, ~9timore City Hospitals, Baltimore. "Presently at NINCDS, NIH, Bethesda.
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ture of 7 percent CO,, 50 percent O,, and 43 percent
N2.
We were interested in applying the Po,, technique to both hypoxia and hypercapnia-stimulated ventilation in the same subject. Specifically, we have been trying to determine if these two nonpharmacologic stimuli, hypercapnia and hypoxia, stimulate the respiratory musculature similarly when the increases in ' ?E are the same. Hence, our question was: when the increase in VE due to hypoxia equals that due to hypercapnia, are both Po,, values the same?
However, before we began to match VE values, some of our experimental results suggested that one should equate the Po,, with medullary respiratory drive only with great caution, if at all. Two factors would seem to compromise that interpretation: changes in FRC (ie, respiratory muscle length) provoked by the gases, and changes in the status of the contractile mechanism of the respiratory muscles generated by changes in the gases. Occlusion pressure is developed by muscular force; and though the force of an isometric contraction is indeed directly proportional to the amount of neural traffic to the muscle, the force is also influenced by the length of the muscle and the normal functioning of the contractile mechanism. Hence, if a certain Po,, were established for a population of "normal" subjects at a given PaCO,, a depressed Po,, in a patient may be due to a depressed respiratory center, but it may also be due to a perfectly normal respiratory center acting on a shortened muscle, or on a muscle with a compromised contractile mechanism.
With respect to changes in FRC during hypercapnia, Whitelaw and colleagues cite literature3.' from which they conclude that changes during hypercapnia are small and inconsistent and hence insignificant. On the other hand, Bouverot and Fitzgerald6 measured FRC during hypoxia in anesthetized and unanesthetized dogs. We found a significant increase in the unanesthetized dogs' FRC while breathing 13 percent 0, in N,. This was abolished by sectioning the carotid sinus nerve. Further, in anesthetized dogs we found that the increase was rapid, as was the decrease in FRC when exposed to 100 percent 0,. However, the literature was unclear whether hypoxia (or hyperoxia) generated any changes in FRC in human subjects. Hence, before measuring the Po,, at equivalent levels of ventilation during hypoxia and hypercapnia, we wanted t o see the effect of hypoxia on the FRC of awake, sitting human subjects in a body box. We also want to measure in these same subjects the effects of 100 percent 0, and 4 percent CO, in air on FRC.
Seven subjects with no known respiratory disease entered an air-conditioned volume plethysmograph. They breathed through a Collins-Douglas valve (dead space 50 ml; flow resistance = 0.5 cm H,O/L/sec at 50 L/min) which was connected to adapters and solenoid controlled valves (total dead space = 300 ml; total resistance 1.5 cm H,O/L/sec at 5 L/sec). After the subject entered the box, about 5-15 minutes were needed to prepare the recording apparatus, acclimate the subject to the surroundings and fill the bag with a given gas. Precautions were taken so that the subjects could not see what gases were being administered, and there was sufficient noise generated by the airconditioner and other equipment in the laboratory so as to distract the subjects from the voices of the investigators. The experimental procedure consisted of having the subject take two or three deep breaths of the gas and then to breathe normally for a minute. During the next three minutes 3 or 4 determinations of FRC were made by having the subject pant against a closed shutter. This would be followed at irregular intervals by three determinations of the mouth pressure with a second shutter closed for only 200 to 300 milliseconds after the initiation of inspiration. The mouth pressure at 100 milliseconds (P,,,,) was measured. Tests were alternated when the gas was changed, and the subjects were given the gases in different sequences. All seven subjects received room air, 12 percent 0, and 100 percent 0,. Five of the seven received, in addition, the mixture of 4 percent CO,, 20 percent O,, 76 percent N,. In general the testing of an individual subject on all 4 gases did not last more than 30 to 40 minutes. Table 1 presents a summary of the FRC data for the seven subjects. On the left are the actual or predicted values of the individual subjects; the number in .parentheses under each volume refers to order in which the individual gases were administered. The data on the right refer to percentage changes when comparing the FRC on room air with those generated by the three other gases. There was a statistically significant decrease in FRC during the breathing of 100 percent 0, and statis- Table 1 S u m m a r y of FRC tically significant increases while breathing either 12 percent 0, or 4 percent CO, in air. The increase did not differ between themselves. End tidal Pco, during hypoxia was monitored in only two subjects. In one subject after four minutes on 12 percent 0, in N,, the Pco, had dropped by 2.9 mm Hg (39.7 to 36.8 mm Hg) and in the second breathing of the same hypoxic mixture, Pco, fell by 2.4 mm Hg (41.0 to 38.6 mm Hg). We believe that such a small variation in Pco, has little effect on FRC. However, the more important observation that hypercapnia seems to increase FRC while hyperoxia decreases it, should perhaps suggest caution in the use of a mixture of some small percentage of CO, in 30 percent oxygen or higher. Table 2 presents a summary of the Po,, data. The actual pressures are on the left; the percent changes, on the right. The lack of statistical significance between Po,, during air breathing and hypoxia is due to an unexplained decrease in Po,, of one subject during the hypoxia. If this subject (No. 7 ) is omitted, the difference for the other six is significant ( P < .02).
If these preliminary data prove repeatable, then during hypoxia and hypercapnia the Po,, determination cannot be considered as an index of medullary neuronal output only. The The actual pressures are on the left; the percent changes, on the right. The lack of statistical significance between the Po.l for air and for 12 percent 0 2 is clue to the opposite response of one subject.
Hence, both hypercapnia and hypoxia seem to increase FRC in awake, sitting subjects. This change in muscle length would, as mentioned, be a factor in the development of the occlusion pressure and prevent the Po., from being interpreted as an expression of medullary neuronal discharge only. A second factor making such an interpretation questionable is the status of the contractile mechanism. If this is different between normal subjects and patients, or changes in the course of testing the subjects, then once again Po., does not reflect only the medullary neuronal output or chemical drive to respiration.
Recently we have done some in vitro studies with rat diaphragm in which we measured the isometric force of contraction in the muscle while CO, was being bubbled through the bathing medium. The diaphragms of lightly anesthetized male Sprague-Dawley rats (150 gm) were removed and divided into left and right hemidiaphragrns. About 2 cm of phrenic nerve were left attached to each hemidiaphragm. Either hemidiaphragm was set up according to the method of BiilbringS except for a modification allowing for separate stimulation of the hemidiaphragm directly or via the phrenic nerve. Two platinum plates were placed above and below the muscle for field stimulation of the muscle. The phrenic nerve was drawn up by syringe into a suction electrode equipped with platinum wire. The hemidiaphragms were stimulated supramaximally with a Grass S-8 stimulator through the nerve or muscle at 12 mix1 and at a duration of 0.2 msec for each square wave pulse. Voltages for supramaximal stimulation were between 70-120V for field stimulation of the muscle and between 2.5 and 15V for isolated stimulation of the nerve. The bathing medium was Krebs-Ringer bicarbonate solution into which was bubbled 10 percent and then 20 percent CO, in oxygen.
In five experiments (Fig 1) the isometric force of contraction decreased during exposures to hypercapnia, and tended towards recovery during periods of normo- PBCO~ is the PC* of h e bathing medium. SE) The upper section is a summary of 3 dogs exposed to hypercapnia. A = arterial; V = venous; D = A-V difference. Animals were kept on the h rcapnic mixture for 15-20 minutes before measurements were made. The largest A-V difference for the Pi determinations is E n g recovery (exercise + room air). However, the scatter among the three animals was reat for this period. The lower section is a summary of 7 dogs exposed to different degrees of hypoxia. Pv02, CvOz are mus& venous blood values. The changes in tension are small even during severe hypoxia.
percent during muscle stimulation; -14.1 percent during nerve stimulation). But there is no significant difference between the decrease during muscle stimulation and the decrease during nerve stimulation. Both of these latter two statements are true when comparing contiguous time periods, and nerve/muscle in the same time period, throughout the experiment except for the final recovery period (120 to 150 minutes). Here the force of contraction in response to direct muscle stimulation returned very close to normal, but the phrenic nervestimulated contraction's force recovered significantly less in this time period. In the subsequent time period (not shown) it came much closer to normal. These results suggest that carbon dioxide decreases the force of contraction by acting directly on a muscle, and that carbon dioxide does not affect the neuromuscular junction, except perhaps by somehow impeding the recovery of some process at the junction during an "off-hypercapnia" period. We have done no experiments to see the effects of hypoxia on this preparation.
During these studies, the transport of the gas into the tissue was only by diffusion. We wanted to use a more normally perfused in vim preparation to determine if the force of contraction in this more physiologic preparation decreased during hypercapnia. Some years ago, Fenn7 wrote of the many similarities between skeletal and respiratory muscles. Hence, we chose the vascularly isolated gastrocnemius-plantaris preparation in the dog," where we could measure both A-V differences and changes in the isometric force of contraction of this muscle group. Once the muscle had been prepared and kept warm and moist it was stimulated via the sciatic nerve at 1 herz, 1 msec duration, 10-30 volts. We performed three experiments in collaboration with Mrs. Farah Khalafbeigui of this department, and observed once more a decrease (-42 percent) in the force of contraction during hypercapnia which began to return to normal (Table 3) . T o account for the decrease in the force during hypercapnia we considered as a first possibility ' the breakdown of ATP and so measured the A-V inorgan-ic ~hosphate (Pi) differences. We are currently preparing to measure the level of muscle organic phosphates before and during hypercapnia in order to test further the hypothesis that the increase in the A-V difference in Pi and the decrease in force is due to a breakdown of these stores by interference with the Lohman reaction (Cr +
Using this same preparation we have observed the effect of hypoxia on the force of contraction in seven dogs (Table 3 ) . These muscles were stimulated at 1 herz, 1.0 msec duration, 10-30 volts. We found it surprising that a PaO, of 30.4 mm Hg provoked not a decrease in the force of contraction, but rather a small increase (6 percent), and very severe hypoxia produced only a small decrease (-8 percent). On the basis, then, of measurements made in limb muscles, it seems unlikely that the status of the contractile mechanism is affected by hypoxia. However, we have not yet made any measurements during mild asphyxia, a condition more closely approximating the status of a patient with lung disease.
The possibility of a change in the contractile mechanism of a muscle in normal subjects undergoing a few minutes' testing with hypercapnia or hypoxia would seem to be minimal. Hence, the Po,, would be uniduenced by this factor even if the Po,, would be affected by-the first factor, FRC or length of the muscle. In patients who cany a high PaCO, and lowered PaO, it seems possible that their Po,, measurements might be lower than a group of normals both because of a change in the length of the muscle and the status of the contractile mechanism. Their chemical drive from the medullary respiratory neurons could be perfectly normal. Indeed, if their Po,, measurements are normal, it could be that they have even a greater medullary neuronal output than the normal subjects. Hence our observations so far lead us to conclude that though the Po,, method for determining chemical drive still looks like a promising technique, it is incorrect to say that the Po,, measurement in sitting subjects breathing hypercapnic or hypoxic mixtures is an index of medullary neuronal output only.
